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CHAPTER 1 INTRODUCTION

1.1 Turbulence
Turbulent flow is described as a type of fluid (gas or liquid) flow in which the fluid
undergoes irregular fluctuations, or mixing [3]. Though simple in description, the
complexity of turbulent flow has kept it at the forefront of scientific research for over
a century, leading some scholars to call it the last great unsolved problem of classical
physics. Much of this complexity arises from a wide range of unsteady vortices and
eddy motions, spanning several orders of magnitude in scale, interacting with each
other within the flow. This complexity is only intensified when one or more surfaces
are introduced confining the fluid flow. However, these are the situations of most
practical importance.
At its most basic, turbulent flow is characterized by the competition between
viscous forces that damp velocity fluctuations and inertial forces that generate and
maintain velocity fluctuations. The ratio of inertial to viscous effects is represented
by the Reynolds number, Re = U L/ν, where ν is the kinematic viscosity of the fluid
and U and L are the characteristic velocity and length scale of the flow, respectively.
At low Reynolds numbers, velocity disturbances due to inertial effects are effectively
damped by the viscous effects rendering them negligible and the flow remains laminar.
However as the Reynolds number increases, the inertial effects become more relevant
until a point at which the viscous effects are no longer strong enough to damp out
the velocity disturbances introduced into the flow. The result is flow destabilization
and turbulent flow.
1

The most significant turbulence effects that occur when the flow interacts with
a bounding surface are located only in a thin layer near the surface. Though a
tiny fraction of the overall flow field, this near wall region drives the turbulent flow
characteristics within the viscous boundary layer forming near surfaces, which in turn
is responsible for producing for frictional drag forces on and in engineered objects
such as planes, ships, and pipelines. Major oil companies state that 25-30% of total
pipeline costs is required to provide the energy necessary to pump the oil through the
pipeline. The US Energy Information Administration estimates that a 5% decrease
in this required pumping energy would be equivalent to doubling the US wind energy
production.

1.2 Turbulent Control
The ability to control and manipulate fluid flows for technological benefit has a
wide range of applications in both man-made and natural systems involving fluid flow
in or around them. This has led to a multi-disciplinary research effort encompassing
the fields of theoretical, computational, and experimental fluid dynamics, acoustics,
control theory, chemistry, biology, and mathematics. Within the field of biology, flow
modification to reduce drag within human arteries could lead to a reduction in heart
attacks and stroke incidents due to clotting. In chemistry, new means chemical mixing
could yield new, highly efficient chemical reactions. Additionally, flow control over
wind turbine blades will increase efficiency and energy production. The potential
benefits are numerous and significant.
Over the past four decades considerable research has been devoted towards understanding the dynamics of turbulence and the coherent eddy structures that dominate
turbulent flow. Increased understanding of the coherent structures within turbulent
flow has led to the idea of trying to control turbulence by interacting with the turbulent eddies. First suggested by Liepmann (1979)[4], it may be possible to manipulate
2

turbulent eddies in a predetermined manner to achieve some form of control of the
turbulent properties.
Recently, a new synthesis method was developed by researchers at the University
of Florida to grow ultra-long vertically-aligned piezoelectric TiO2 nanowires, which
remain rigid at lengths up to 40 µm. These nanowire surfaces offer great potential
for manipulating the near-wall eddy structure for reducing the skin friction over a
surface. The research presented in this thesis is intended as the first step towards
implementing these wires for turbulent drag reduction by demonstrating the potential for nanowire surfaces to introduce perturbations into turbulence which extend
throughout the boundary layer. In the following, additional analytical background
and motivation is first provided as Chapters 2 and 3, followed by a description of the
experiments in Chapter 4. Experimental results are then presented and discussed in
Chapter 5 and the conclusions drawn from this work are presented in Chapter 6.

3

CHAPTER 2 ANALYTICAL BACKGROUND

2.1 Turbulent Eddies
Perhaps the most defining property of fully turbulent flow is the chaotic and highly
irregular flow velocity resulting from eddy motions throughout the flow. Produced
by shear stress, these turbulent eddies range in size depending on the boundary and
flow conditions. For turbulent channel flow, such as that in the current study, the
largest eddies scale with the thickness of the turbulent layer or channel half height,
δ. Kinetic energy is extracted from the mean flow through the production of these
large-scale eddies, causing them to be referred to as the energy producing eddies, and
they are the eddies of greatest turbulent energy.
Through a process referred to as the energy cascade (see Luca (2003)[5] for further
details), energy is passed down without significant energy loss to smaller and smaller
eddies, through an inertially-driven process until reaching an intermediate scale of
eddies referred to as the Taylor microscale. At smaller scales, the eddies become
small enough to eliminate and convert into heat through viscous dissipation. The
scale of these smallest eddies is referred to as the Kolmogorov microscale.
The ratio between the energy-containing eddy scales and the Kolmogorov scales
describes the scale separation of the turbulence, and is driven by the Reynolds number
of the turbulence. At small Reynolds numbers the energy-containing eddies interact
with the dissipative eddies. However, at high Reynolds numbers, only the energycontaining eddies contain information about the large-scale flow geometry, as the
information about the boundary conditions producing the turbulence becomes lost
4

through the cascade process, and there is sufficient scale separation for the small-scale
eddies to become isotropic[6]. The result is an inertial subrange in which the transport
of energy can be described solely by the rate of dissipation of energy through viscosity
which occurs at the Kolmogorov scales.

2.2 Characterization of Turbulence
Due to the chaotic eddy production and the existence of a wide range of eddy
scales, it becomes necessary to use statistical concepts in order to analyze and characterize turbulence. Turbulent eddies create fluctuations in velocity such as those
seen in figure 2.1. The velocity record, ui (t), includes both a mean, ui , and turbulent component, u0i (t), where the over-bar represents a time averaged value across the
time interval, T , which is much larger than any turbulent time scale. This leads to a
decomposition of the flow velocity seen in eq. 2.1.

ui (t) = ui + u0i (t)

(2.1)

where:
Z
1 T
ui (t) dt
ui =
T 0
u0i = ui − ui

Mean velocity
Turbulent fluctuations

(2.2)
(2.3)

Here, a Cartesian coordinate system is used with xi = [x, y, z] and velocity components ui = [u, v, w].
It follows by definition that the mean of the turbulent fluctuations, ū0 , v̄ 0 , w̄0 is
zero. However, the covariance of the turbulent fluctuations, u02 , v 02 , w02 , u0 v 0 , u0 w0 ,
v 0 w0 is not zero and the turbulent kinetic energy

k=


1  02
u + v 02 + w02
2

5

(2.4)

Figure 2.1: Typical velocity measurement in turbulent flow.
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provides a measure of the intensity of the turbulence.
The Reynolds-averaged Navier-Stokes equations can be found by substituting eq.
2.1 into the Navier-Stokes equations and then averaging to obtain

ρuj


∂ui
∂p
∂ 2 ui
∂
= ρgi −
+µ
−
ρu0i u0j
∂xj
∂xi
∂xj xj
∂xj

(2.5)

for incompressible flow with only gravity, gi as a body force. The fluid properties are
the density ρ and viscosity µ. The quantity ρu0i u0j is referred to as the Reynolds stress
tensor, and describes how the turbulence influences the mean flow.
Here, only the streamwise component of velocity was measured, and only thus the
streamwise Reynolds stress could be estimated from

u02

1
=
T

Z

T

u02 dt 6= 0

(2.6)

0

Note that for incompressible flows it is common practice to simply refer to u0i u0j as
the Reynolds stress tensor.
The fluctuating velocity signal, u0i (t), also provides insight into the turbulent energy content of a flow. The wide range in scales of turbulent eddies produce a corresponding range of velocity fluctuation frequencies in a fixed-point measurement:
larger scale eddies produce lower frequency fluctuations while smaller scale eddies
produce higher frequency velocity fluctuations. Hence, a Fourier transform, where f
is the frequency, provides a frequency spectrum of the turbulent energy contained at
each wavelength within the fluctuating velocity signal, thereby describing the turbulent energy distribution of the turbulence. Thus, the frequency spectrum, Φ, provides
a simple means by which to observe changes and/or additions to turbulent energies
where
Z
Φ=

2

T
0

u (t)e
0

7

−2πif t

dt

(2.7)

Note that, although the full turbulent kinetic energy turbulence spectrum contains
contributions of all three components of velocity, here it is estimated using only the
streamwise component of velocity as this was the only measured velocity component.
It follows that the contribution to the Reynolds stress from the velocity fluctuations can be recovered from the frequency spectrum through

u02

Z

∞

Φdf.

=

(2.8)

0

2.3 Turbulent Wall-Bounded Flow
The turbulence picture becomes complex for turbulent wall-bounded flow due to
the confinement introduced by the surface. This confinement results in an additional
scale separation problem being introduced, related to the distance from the surface,
y. The result is a range of sublayers over which viscosity and inertial influences play
competing roles.
Due to the various sources of influences throughout each of the turbulent sublayers, analytically (and even computationally) solving or computing flow velocities in
turbulent wall-bounded flow is a difficult endeavor. However, with scaling arguments,
one can identify important flow characteristics within defined regions of the turbulent
flow by utilizing relatively few dimensionless parameters.
In classical scaling, the turbulent layer is composed of two principle regions that
follow distinct scalings: a near-wall region following inner scaling, where viscous
effects are of strong significance, and an outer region following outer scaling where
viscous effects are negligible. Between these two regions there is believed to be a
region of overlap, where both inner and outer scalings are valid. In the near wall region
the characteristic velocity and length scales are taken to be uτ and δν , respectively
p
(referred to as inner scaling), where uτ =
τw /ρ is the friction velocity. In the
outer region the characteristic length scale is the turbulent layer thickness, δ, and the
8

characteristic velocity continues to be uτ , since uτ is related to the wall shear stress
which affects the entire velocity field (referred to as outer scaling). Figure 2.2 shows
an example using inner scaling to scale the profiles of streamwise mean velocity, u,
measured in a turbulent channel flow. Note, that it is common practice to use a + to
indicate scaling using uτ and δν such that y + = y/δν and u/uτ = u+ . The collapse of
the velocity profiles demonstrates the success of scaling in understanding these types
of flows and reveals key features of the velocity profiles of different Reynolds numbers
within the near wall region. Further discussion of scaling methods can be found in
Zagarola and Smits (1998)[7].
Classical scaling has led to the identification of sublayers within the turbulent wall
layer, seen in figure 2.3. In fully turbulent, wall-bounded flow, the near-wall region
is composed of three basic layers: the viscous sublayer (0 ≤ y + ≤ 5), where fluid
viscosity dominates other effects; a buffer layer (5 ≤ y + ≤ 30), in which the viscous
and turbulent shear stresses are both dynamically significant; a logarithmic layer
(y + = 30 to y/δ ∼
= 0.15), in which the effects of turbulent shear dominate. This is
followed by an extensive outer wake region (0.15 ≤ y/δ ≤ 1) that is strongly dependent
on the boundary conditions and follows outer scaling. Note that the logarithmic layer
can also be observed in outer scaling, the result of its formation from the overlap of
both inner and outer scaled eddies. Hence the region y + > 30 to y/δ ∼
= 0.15 is also
referred to as the overlap layer.
The exact definition and ranges of these layers is still a matter of debate[8], however it is widely agreed that within the turbulent wall region there is a viscous sublayer
followed by an overlap region where much of the turbulence is produced.[9][8]

9

(a)

(b)

Figure 2.2: Mean velocity measurements shown in m/s and m (a) and using inner
scaling (b).
10

Figure 2.3: Sublayers within the turbulent wall layer.
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CHAPTER 3 MOTIVATION AND RELATIVE RESEARCH

The application of nanowires has begun to show substantial promise in many fields
including electric devices such as batteries[10][11], photovoltaics[12][13][14][15], and
semiconductors[16][17]. The mechanical relevance of nanowires has also been indicated by recent studies in pressure sensing [18] and energy harvesting [19][20][21][22],
though the capability of these wires in turbulent fluid flows has yet to be explored.
In recent studies, nanoscale surfaces exhibited beneficial properties in laminar
flow, using carbon nanotube arrays (CNTs).[23][24] However these nanoscale surfaces
are fragile and do not withstand the higher stresses of turbulent flow. Collaborating
researchers at the University of Florida developed new synthesis methods to construct
more durable Barium Titanate (BaTiO3 ) nanowires that withstand the higher stresses
accompanying higher velocity flows.
The research presented here is motivated by the potential for using thesee new
piezoelectric nanowire coated surfaces to manipulate turbulent wall-bounded flow.
However, due to their size, nanoscale materials are typically immersed within the
viscous sublayer, where their influence on the flow is negligible. To influence bulk
flow properties, any effects from surface structures must be transported out of the
viscous sublayer into the buffer layer where much of the turbulence is produced. This
is because small disturbances within the viscous sublayer, such as those created by
surface roughness, are damped out by viscous effects within this region before reaching the buffer layer. Therefore, passive nanowires extending only into the viscous
sublayer are predicted to have little influence on bulk turbulent properties. How-

12

ever, it may be possible that by dynamically actuating the nanowires, kinetic energy
could be transported out of the viscous sublayer and into the buffer layer, thereby
influencing turbulence production and modifying the turbulent flow field. The objective of this thesis is therefore to demonstrate the ability of dynamically actuated
nanowires, actuated with nanoscale amplitudes, to transport momentum out of the
viscous sublayer.
Within turbulent wall-bounded flow, higher surface shear stresses are caused by
coherent vortical structures that draw high momentum fluid close to the surface, thus
producing high shear stress. If these turbulent eddy motions can be modified and
reduced the turbulent shear stresses and skin friction can be reduced. Turbulent
property modification through the use of boundary surface manipulations has been
demonstrated by numerous researchers, notably Jung et al. [25], Choi et al. [26, 27],
and Bilgen et al. [28].

3.1 Oscillating Surfaces in Flows
Extensive study has been conducted suggesting the possibility of reducing skinfriction drag of the turbulent flow boundary layer by oscillating a wall in the spanwise
direction. Jung et al. (1992)[25] were the first to suggest this using direct numerical
simulation (DNS) on turbulent channel flow. They calculated that a maximum drag
reduction of 40% could be obtained through transverse wall oscillation. Their innerscaled velocity profile was shifted upward, implying the viscous sublayer was thickened
as a result of the wall oscillation. They also observed a reduction in turbulence
intensity of up to 35%.
Similar experimental studies were later conducted by Laadhari et al. (1994)[29].
They investigated the turbulent boundary layer and demonstrated the turbulence
reduction resulting from the spanwise wall oscillations. They also observed that at
an oscillation frequency of f + = 0.01, there were considerable decreases (up to 45%) in
13

velocity fluctuations for y + < 200. This experimentally confirmed the DNS research
of Jung et al..
In another DNS study at relatively low Reynolds number, Choi et al. (1994)[26]
used selective suction and blowing to apply an oscillating velocity at the bounding
wall surface. The oscillating wall velocity had an instantaneous y magnitude opposite
to the y component of the flow velocity at a location y + = 10. They observed an
increase in the scale of the eddy structures in the near wall region which led to a 25%
drag reduction. An even greater reduction in turbulence was observed when they
relaxed the no-slip boundary condition and imposed a spanwise velocity oscillation
at the wall that was 180◦ out of phase with the spanwise z compenent of velocity at
y + = 10, leading to a drag reduction of 30%. A combination of both wall-normal
and spanwise velocity oscillation at the wall resulted in a relaminarization of the flow
which may by attributed to the low Reynolds number of the simulation.
Additional experimental research performed by Choi and Graham (1998)[30] extended the possibility of flow control through wall oscillations by studying drag reduction in pipe flow using circular oscillations around the pipe’s longitudinal axis.
Conducted on fully turbulent pipe flow, researchers indicated that the turbulent drag
in turbulent pipe flow can be reduced by up to 25% through circular oscillations.
Similiar DNS studies of oscillations in pipe flow by Fatica (1997)[31] and Quadrio
and Sibilla (2000)[32] showed the wall oscillations effectively modified the near-wall
turbulent structures providing this reduction in wall shear stress.
Further study was carried out by numerous other researchers, notably Choi et al.
(1998)[33], Dhanak and Si (1999)[34], Berger et al. (2000)[35], and Choi and Clayton
(2001)[27], detailing the effects of oscillating surfaces on turbulent structures. Their
research suggested the effects of oscillating surfaces are not only dependent upon
the oscillation period but the amplitude of oscillation. Relatively large magnitude
oscillations, ∆z + = 400, were required to obtain significant turbulence modifications.

14

Implementing large scale spanwise oscillations into the bounding surface, although
relatively easy to implement in simulations is challenging to do in practice. Thus there
is a need to develop new actuators capable of imparting surface motion into the flow.

3.2 Actuated Surfaces in Flows
Developed in the early 1900’s, piezoceramic actuators are capable of producing
small amplitude, high frequency disturbances. Compared to other wall boundary
manipulators, effects of piezoelectric actuators on wall-bounded flow have not been
thoroughly studied. Jacobson and Reynolds (1995)[36] first investigated the use of
piezoelectric actuators to control disturbances in a laminar boundary layer. Their
actuator consisted of piezo-ceramic cantilevers mounted flush with the wall, placed
over cavities to produce counter-rotating streamwise vortices in the wall region of
the flow. Their apparatus induced substantial disturbances in previously imposed
turbulent structures, which led to a reduction of wall shear by 8%. These results
suggest that turbulent structures generated through mechanical actuation, though
limited in scale, could affect turbulent structures over a wide range of scales, such as
those observed in fully turbulent flow.
Subsequently, Blackwelder, Liu, and Jeon (1998)[37] implemented unimorph, piezoceramic actuators that were mounted on a pre-existing wall in a fully developed, turbulent flow. They employed a delta wing shape actuator operating at frequencies of
0.01 < f + < 4 with amplitudes between 0 < ∆y + < 16. Under these conditions they
found that the actuator produced a strong spanwise velocities that delayed the breakdown of streamwise vortices in the laminar boundary layer. Blackwelder and Jeon
(2000)[38] later continued their study using the same the delta wing actuator, examining its influences on a turbulent boundary layer. A more detailed examination using
hot-wire anemometry revealed that large scale, near-wall velocity disturbances from
the actuator lead to a reduction in magnitude of the streamwise velocity fluctuations
15

downstream by up to 30%.
More recently, actuated surfaces have been shown to demonstrate the ability to
initiate laminar to turbulent flow transition. Bilgen et al. (2011)[28] implemented
a total of nine unimorph, piezocomposite benders distributed spanwise across the
leading edge of a variable camber airfoil to investigate flow manipulation, exhibited
in the lift and stall for low Reynolds number flows. They found that at an actuation
frequency of 125 Hz, there was a substantial decrease in flow separation resulting in
an increased lift of 18.4%. Kumar et al. (2011)[39] developed a nonlinear piezoelectric plate model to provide sufficient control to manipulate the flow conditions for
transition from laminar to turbulent flow.

3.3 Nanoscale Materials in Flow
Nanoscale materials have only recently been studied for their possible effects on
fluids and flow properties. Ming et al. (2011)[23] conducted experiments in laminar
flow to verify the superhydrophic properties of surfaces coated with carbon nanotube
forests. They observed a slippage effect between the liquid and nanotube surfaces
which could yield a dramatic reductions in drag. Chen et al. (2011)[24] observed how
carbon nanotubes might be used to influence low Reynolds number flows. In laminar
flow they found that a reduction of viscosity around the carbon nanotubes due to
local heating was significantly weakening the drag force.
To date, the investigation of nanowire arrays’ influence on flow has been limited to
low Reynolds number, laminar applications. However, it is in the manipulation and
control of turbulent flow that these surfaces hold the greatest potential for practical
application.
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CHAPTER 4 EXPERIMENTAL FACILITIES, INSTRUMENTS, AND MEASUREMENT PROCEDURES

4.1 Experiment Overview
As described by the preceding chapter sections, there is great potential for reducing
turbulent skin friction through manipulation of the bounding surface. Piezoelectric
nanowire arrays arranged on the surface could potentially be used to produce this
manipulation through, for example, traveling waves in the wires. However, due to
their small size, these nanowire arrays would be immersed in the viscous sublayer,
and the nanoscale amplitude of their actuation might not able to introduce forcing
into the buffer layer, where the drag-producing motions exist.
To determine whether it is feasible for nanowire arrays to introduce forcing into
the buffer layer, an experiment was conducted in which a nanowire array was located
on the bounding surface of a turbulent channel flow wind tunnel. In this experiment,
the nanowire array itself was not actuated. Instead, the array was adhered to a
piezoelectric substrate which was used for actuation. Changes to the turbulence by
the motion of the nanowire array was then measured to determine the magnitude and
extent of the influence of the array.

4.2 Turbulent Flow Channel
The channel used for this research study was designed to create fully-developed
turbulent, plane Poiseuille flow while maximizing Reynolds number within the constraints of laboratory space. Fully-developed turbulent Poiseuille flow is a form of
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Figure 4.1: Turbulent channel flow facility used in this investigation.[1]
canonical wall-bounded flow where the turbulent flow develops between two parallel
surfaces, resulting in a one-dimensional flow where the statistics depend only on the
distance from the surface y.
The tunnel (illustrated in figure 4.1) had a total length of 17.9 m, leaving approximately 1 m of empty space at the channel exit to allow the flow to freely exit
without stagnation or back pressure. The channel length was broken down into four
major sections: the blower and flow conditioner, flow diffuser, contraction section,
and working section.

4.2.1 Blower and Flow Conditioner
Air was forced through the channel using a Peerless Electric Model 245 Centrifan
in-line blower. With an internal diameter of 0.84 m, the blower can displace 2.8 m3 /s
when operating at 1445 RPM. A Reliance 5.6 kW 3- phase motor with controller was
used to power the fan.
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After exiting the fan, the air passed through a 1 m long, 0.84 internal diameter
settling section. Within this section were six fine-mesh screens that reduced flow
disturbances introduced by the blower blades. The resulting flow was therefore approximately steady and uniform when exiting this section.

4.2.2 Flow Diffuser
In order to pass the air from the circular cross-section blower and flow conditioner
into the rectangular cross-section working section, a flow diffuser changed the 0.84
m diameter cross-section inlet to a 0.91 m2 cross-section over a length of 0.91 m.
This resulted in a maximum sidewall angle of 13 ◦ relative to the mean flow direction,
ensuring the flow did not separate inside this section.

4.2.3 Contraction Section
While exiting the flow diffuser in a rectangular cross-section, the flow needed to
be contracted down to the size of the test section. The goal of this section was not
only to accelerate the flow and achieve the desired cross-section, but to produce low
turbulence, steady flow at the exit. In order to simplify this section, the width of
the flow diffuser was matched to the width of the working section, making only twodimensional contraction necessary. If not properly designed the contraction could
have resulted in unsteadiness and separation in the flow.
Following Monty (2005)[40], the contraction employed a cubic curve near the entrance followed by a parabolic curve near the exit. Given a well conditioned source
at the inlet, this design ensured no separation of the flow and a uniform, low turbulence flow at the exit. The dimensions of the contraction section were 1.05 m in
length with the cubic and parabolic curves meeting 0.76 m from the entrance. This
geometry yielded a contraction area ratio of 9:1, which was within the suggested
range described by Tavoularis (2005)[41] and Barlow, Rae and Pope (1999)[42] for
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disturbance rejection.
The contraction was constructed out of 1.6 mm thick aluminum sheet. At the
exit of the contraction section, 44 mm aluminum angles were spot welded to serve as
flanges to connect the subsequent working section and then sanded down to remove
defects on the interior surface. Automotive body filler was then added to correct for
any possible indentations that could disturb the flow from one section to the next.

4.2.4 Working Section
Following the contraction section was the working section. In order to achieve
a fully turbulent Poiseuille flow, the channel must be of adequate length to eliminate streamwise velocity gradients. The span must also be sufficiently larger than
the height to eliminate spanwise velocity gradients at the channel centerline. Monty
(2005)[40] concluded that velocity spectra are no longer streamwise dependent after
a length of 128H, where H is the channel height. Furthermore, Dean (1978) demonstrated that a width to height aspect ratio of 7:1 is the minimum to produce a two
dimensional flow at the channel centerline. At a total length of 13.9 m, a channel
height of H ≈0.1 m achieved the 128H length requirement. A channel width of 0.15
m was then implemented to exceed the width to height ratio requirements at 9:1.
The channel’s working section was therefore 13.9 m long, 0.1016 m high, and
0.9144 m wide. It was constructed from 6.35 mm thick 3003 aluminum plates to form
the upper and lower surfaces and 101.6 mm high outward-facing 6061 aluminum Cchannels for sides. The working section contained five distinct components: support
structures, boundary layer trip section, flow development section, test section and
exit section.
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4.2.4.1 Channel Support Structures
To support the channel and avoid unwanted deflections along its length four 7.62
m long, 0.15 m wide aluminum I-beams were placed underneath the channel in two
pairs spanning its length. Rather than parallel, two pairs of I-beam were placed in
V’s along the length of the channel whose ends were positioned approximately 0.41
m apart at their upstream end and approximately 0.72 m apart at their downstream
end.
To support these I-beams, six 1.2 m wide, 0.81 m tall support frames were manufactured from 5 cm square steel tubing. Each support frame was equipped with four
leveling feet to allow small adjustments to the height of the working section along its
length.

4.2.4.2 Boundary Layer Trip Section
After exiting the contraction section, the flow entered a 0.3 m long area that
creates a regular laminar-turbulent transition point. This was achieved through the
use of a 50 mm long streamwise section of 120 grit adhesive backed sandpaper followed immediately by a 100 mm long streamwise section of 60 grit adhesive backed
sandpaper around the entirety of the inside surface of the channel. Located 76 mm
downstream from the contraction exit, this trip design introduced perturbations to
the flow over a range of 0.11 to 150 mm, greatly increasing the probability of initiating
turbulent transition along the bounding wall layers.

4.2.4.3 Flow Development Section
After introducing turbulence, the fluid passed through a 12.192 m flow development section ensuring fully developed turbulence before reaching the test section.
This length was manufactured in four separate 3.048 m long sections constructed
from 6.35 mm thick 3003 aluminum plate and 101.6 mm high 6061 outward facing
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aluminum C-channels. To join these sections, 1.2 m long sections of 6061 aluminum
C-channel were bolted in place along the channel, outside the sidewall C channel, in
the direction of the flow. These additional C-channels not only maintained a positive
connection between the sections but also provided additional rigidity to the channel.
Each section was sealed together using silicone sealant to eliminate pressure leaks and
ensure constant mass flux through the entirety of the channel.
In order to deter deflections in the upper surface of the channel during operation,
three 50 mm x 50 mm 6061 aluminum angle pieces were attached to the top of each
of the four sections. Affixed spanwise, perpendicular to the flow direction, these
pieces provided additional stiffness to the upper surface. Additional angle pieces
were placed at the section joints to ensure smooth transition between each section.
This was unnecessary on the lower surface as the supporting I-beams provided ample
stiffening.

4.2.4.4 Test Section
Following the flow development section was the one meter long test section where
measurements were conducted. Using the same 6.35 mm thick 3003 aluminum plate
for upper and lower surfaces the test section was built similar to the rest of the
working section. However, to enable optical measurement techniques, the sidewalls
were constructed from 12.7 mm thick clear polycarbonate sheets, keeping the same
inner, cross sectional dimensions as the rest of the working section. This feature was
also used to visually verify measurement locations and equipment functionality. Two
50 mm x 50 mm 6061 aluminum angles were used to prevent upper surface deflection
as before.
A 0.15 m diameter hole was located in the center of the lower surface to allow an
equal diameter insert containing measurement apparatus to be placed in the channel
with minimal disturbance to the flow.
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4.2.4.5 Exit Section
In order to ensure exit conditions did not interfere with flow conditions and pressure gradients within the test section, an additional 0.51 m exit section was added
downstream of the test section.

4.3 Instrumentation
A diagram showing the instrumentation and connectivity is provided in figure 4.2.
For this study a single sensor hot-wire probe was used to measure wall-normal profiles
of velocity. A Pitot static tube and temperature sensor were used in conjunction with
the hot-wire probe to calibrate the probe and correct it for temperature changes.
These instruments were attached to the removable channel insert to more easily insert
them into the flow with consistent results.

4.3.1 Pitot-Static Tube
For hot-wire calibration purposes a Dwyer model 167-6 Pitot-static tube was used
over the course of this study. This model of Pitot-static tube was 3.2 mm in diameter,
had a 152 mm insertion length and a 38.1 mm long streamwise-aligned element. The
total pressure hole was placed at the vertical center of the channel, 50.8 mm above the
lower surface, 20 mm off the centerline. The Pitot tube was connected to a pressure
transducer via 1.5 mm internal diameter PVC tubing.

4.3.2 Pressure Taps
Two 1.3 mm diameter pressure taps were drilled into the removable insert for
use in conjunction with the Pitot tube and pressure transducer for static pressure
measurements during hot-wire sensor calibrations. Located 15 mm on each side of
the channel spanwise centerline, these taps were drilled from the interior surface to
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Figure 4.2: Diagram of instrumentation and connections used during hot-wire measurements.
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minimize burrs and defects on the surface that could cause flow disturbances. Outside
the channel, the two pressure taps were combined into one using a simple plastic Tjunction fitting. The combined pressure taps were then connected to the pressure
transducer using 1.5 mm diameter internal diameter PVC tubing.

4.3.3 Pressure Transducer
Pressure data from the Pitot-static tube and pressure taps was acquired using
an NIST calibrated Omega PX653-03D5V high accuracy low pressure, differential,
laboratory transducer with a range of 0-748 Pa. In order to simplify the zeroing of
the transducer, a two-way valve was placed in the tubing from the Pitot tube to
allow the high and low pressure inputs of the transducer to be quickly connected via
a separate line.

4.3.4 Temperature Probe
Air temperature was monitored inside the channel using an Omega THX-400-AP
thermistor air probe. Equipped with a radiant energy shield, this probe had a perforated tip to expose the thermistor bead to air flow for fast, accurate measurements.
The temperature probe was powered by an Omega DP25-TH-A precision thermistor controller with digital display and linearized analog output. This temperature
measurement system had a combined accuracy of ±0.2◦ C.
The temperature probe was also located on the removable insert containing the
rest of the measurement instruments. A 4.8 mm hole was drilled into the insert
allowing only the sensor tip to be introduced into the flow 0.61 m downstream from
the inlet of the test section, and 0.05 m from the spanwise channel centerline.
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Figure 4.3: Scanning electron microscope image of the BaTiO3 nanowires.[2]
4.3.5 Piezoelectric Nanowire Arrays
The piezoelectric nanowire arrays were synthesized and obtained from collaborators at the University of Florida. A hydrothermal process was employed to grow
these extra long, vertically aligned arrays of Barium Titanate (BaTiO3 ) nanowires.
The dimensions of the nanowires were determined by scanning electron microscopy
(SEM) to have individual wire lengths, lw , of approximately 45 µm and individual
wire diameters of approximately 600 nm, seen in figure 4.3.
To allow actuation of the arrays, the nanowires were adhered to a circular Lead
Zirconate Titanate (PZT-5H) piezoelectric wafer. Two wafer sizes were used over
the course of this study: 6.4 mm and 12.7 mm diameter. These wafers were then
placed into a plastic inserts, with height adjustment via a simple threaded screw,
that allowed for the PZT disk to be placed flush with the bounding wall of the
turbulent flow channel with only the nanowires protruding into the flow. The plastic
inserts were themselves inserted into a 12.7 mm hole drilled into the center of the
removable instrumentation insert.
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4.3.6 Function Generator
To excite the PZT disk, a sinusoidal electric field was applied using a BK Precision
20 MHz Sweep Function Generator model 4040a. The function generator output
signal was passed through an amplifier in order to actuate the PZT wafer at an
a frequency of 10 kHz and an amplitude of 70 V-rms. The actuation signal could
be externally triggered using a TTL signal from the attached PC running LabView
software.
This periodic excitation signal expanded and contracted the PZT disc and attached nanowires in all directions. These isotropic motions produced nanowire oscillations at the actuation frequency, fact = 10 kHz, with amplitudes ranging from
zero to a maximum of, 40 µm, the length of the nanowires. This actuation frequency
was chosen to maximize the amplitude of the nanowire motions as determined for the
properties of the PZT piezoelectric wafers to which the nanowires were attached.

4.3.7 Hot-Wire Probe
To allow near-wall measurements, a single-sensor, miniature, boundary-layer hotwire probe was used. These probes were manufactured by soldering platinum-rhodium
(90% Pt - 10% Rh) Wollaston wire to the probe prongs then etching a small portion of
the wire with a nitric acid solution exposing a small portion of the platinum-rhodium
wire. The etching was achieved by affixing the probe to a micro-positioner then
lowering the wire into a small bubble of 15% nitric acid solution that formed at the
tip of a syringe as it flowed out vertically. This exposed a l = 0.5 mm long, d = 2.5 µm
diameter sensing section of wire resulting in an l/d ratio of aproximately 200. As set
forth by Ligrani and Bradshaw (1987)[43], an l/d ratio greater 200 will minimize end
conduction effects on the hot-wire frequency response characteristics. The hot-wire
probe was positioned on the measurement apparatus insert such that the hot-wire was
4.35 mm downstream from the center of the nanowire insert. Because the relative
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location of the hot wire to the center of the nanowire array was constant throughout
this study, the streamwise measurement locations were 1.15 mm downstream from
the trailing edge of the 6.4 mm diameter nanowire array and directly over the 12.7
mm diameter nanowire array.

4.3.8 Hot-Wire Anemometer
A Dantec Streamline Research constant temperature anemometer (CTA) system
was used to drive the hot-wire probe. This system had the option of a 1:20 internal
bride ratio or a 1:1 bridge ratio that required an external resistor to set the overheat
ratio and balance the system. The 1:1 bridge ratio was used in this study to better
control the overheat ratio with an external variable resistor manufactured by Bourns,
Inc. The Dantec CTA also had the ability to condition output signals by inputing
user defined gains and DC-offsets to the input signals, as well as high and low-pass
filtering. The system was controlled via custom-written LabView software through
serial communication to an attached PC.

4.3.9 Filter
Instead of the on-board filter of the Dantec CTA, an external filter was used to
filter the output from the CTA to allow freedom in choice of filtering frequency. A
Krohn-Hite Model 3905a eight pole, multichannel filter was used to analog filter the
anemometer output at 30 kHz.

4.3.10 Probe Positioning
To accurately control the movement of the hot-wire probe, a custom precision
traverse system was used, composed of a lead screw traverse, microstepping driver,
and optical encoder. A Velmex A1509Q1-S1.5 lead screw traverse with a 1 mm
per rotation pitch was utilized and powered by a Lin Engineering 417/15/03 high
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accuracy stepper motor through a belt with a 1:2 increase in pulley diameter for
higher movement resolution. This motion was controlled with a Lin Engineering R325
microstepping driver which, when combined with the other traverse components,
yielded a potential position resolution of 5 nm per step. An Acu-Rite SENC50 E
5/M DD9 0.5 A156 linear encoder tracked the motion with a 0.5 µm resolution and
accuracy down to ±3 µm. The encoder output, a quadrature signal, was then passed
through a USDigital LS7184 quadrature clock converter chip, then combined into a
single clock pulse signal with a companion TTL direction signal.
To achieve a hot-wire position, within 100 µm relative to the wall, without contact (which would destroy the hot-wire probe), an electrical contact limit switch was
designed into the positioning system by mounting a bar on the moving portion of the
lead screw drive that would contact a micrometer mounted on the stationary portion
of the lead screw drive. When the two were in contact, a 5 V signal was output,
alerting the software of the probes set position. After positioning the hot-wire probe,
the micrometer was then be set to that position creating an initial measuring distance
while, at the same time, preventing the hot-wire from traversing below this wall normal distance. Therefore, by manipulating the micrometer, the initial probe position
was maintained constant for each set of measurements.
A Titan Tool Supply Z-axis ZDM-1 measuring microscope was used to measure
the initial wall-normal position of the hot-wire above the surface with an accuracy
of ±5 µm. The importance of near wall measurements is detailed by Orlu et al.
(2010). For this study in particular, the near wall measurements are of the utmost
importance, for the effects of the nanowires are most likely to be seen in the viscous
sublayer contiguous to the bounding wall. A diagram of the measurement apparatuses
and relative location on the removable insert is provided in Figure 4.4.
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Figure 4.4: Diagram of insert containing measuring apparatus. Figure not to scale.

4.3.11 Data Acquisition
Analog signals from the pressure transducer, Dantec CTA, and temperature sensor
were digitized using a National Instruments PCI-6123 data acquisition card mounted
in a desktop PC. This acquisition card sampled up to 8 analog channels at 500 kHz
and 16-bit resolution simultaneously across each channel with zero time-shift between channels. In addition, this acquisition card had analog and digital triggering,
8 hardware-timed digital I/O lines, and two 24-bit counters that were used for experimental control. Inputs and outputs to and from the acquisition card first passed
through a National Instruments BNC-2110 connector block.

4.3.12 Experiment Control
The computer in which the data acquisition card was installed, acted as the control
center for the whole experiment. To reduce human error and increase repeatability of
the measurements, the experimental control and data acquisition process was completely automated and managed through the use of custom written LabView script.
The script read in desired probe locations from a user input file and moved the hot-
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wire probe to the desired wall-normal location by outputting a square-wave signal
to the stepper motor controller, all the while monitoring the limit switch to ensure
the hot-wire probe does not accidentally contact the surface. The software simultaneously counted pulse and direction signals output from the clock converter chip to
monitor feedback data from the linear encoder, tracking the probe’s location. Once
the probe was at the proper wall-normal position, the program turned on the function generator by outputting a 5 V TTL gating signal to the external trigger on the
function generator, actuating the nanowire array, and initiating sampling the analog
hot-wire data at the desired rate and sample length. After the data acquisition is
complete, the code recorded the voltages to a binary data file. Before moving to the
next location, the LabView script stopped the function generator and took another
set of hot-wire data to give an unactuated comparison at the same location. After
the unactuated data acquisition, the software recorded the results in a binary data
file and then moved the probe to the next measurement position.

4.4 Preliminary Measurements and Method Improvements
Many initial measurements were performed in order to improve procedures and
achieve consistent, accurate results. Comparative data sets were taken in search of any
possible sources of measurement deviation including: differences between the channels
of the CTA, external bridge resistors, lengths of data acquisition time, and the hotwires themselves. Certain procedures were also changed to eliminate possible sources
of error. Originally, a full set of measurements was taken with the nanowires actuated
before resetting the probe to the set position and taking a full set of unactuated data.
Despite the precision of the probe traverse and positioning system, small errors in
the probe position led to significant differences in the measured velocities as seen in
figure 4.5.
To eliminate this error in probe position, both actuated and unactuated cases
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Figure 4.5: Position error in initial measurements.
were measured at each position before traversing the probe to the next measurement
position, i.e. measurements were taken with the nanowires actuated then measurements are taken with the nanowires stationary before moving the probe to the next
designated position.
Primary interest of this study focused on the nanowire effects in the near wall
region, therefore a high concentration of velocity measurements are taken in this
region. Initial measurements did not measure the outer region and instead only
acquired data at the channel centerline. This is evident in some of the graphs of
mean velocity and Reynolds Stress for the 6.4 mm nanowire array (figures 5.1(a) and
5.2(a)). Though not significant in the results or conclusions (all analysis of frequency
and kinetic energy is performed on data taken within the near wall region), this
procedure was later changed to take data across a full range of positions spanning
the entire channel half-height
Measurements of velocity were originally digitized at a rate of 60 kHz. This coarse
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rendering of the analog velocity signal caused higher levels of noise in the frequency
spectra, Φ, surrounding the actuation frequency of 10 kHz. To remedy this the
resolution of the velocity signal was adjusted until a final sample rate of 200 kHz was
deemed sufficient for all data acquisitions. This increase further detailed the velocity
signal and reduced the noise levels to better distinguish the effects of the nanowire
actuations.
Through the investigation and elimination of conceivable sources of inconsistency
a final procedure was achieved producing accurate and repeatable results.

4.5 Measurement Procedures and Conditions
Over the course of this research, streamwise velocity wall-normal profiles were
measured using hot-wire anemometry. The single sensor hot-wire probe was aligned
parallel to the wall, and velocity profiles were measured at the following Reynolds
numbers: Reτ = δuτ /ν = 700, 1300, 2500, and 3600. These were obtained by controlling the centerline velocity of the tunnel, ucl . This increase in Reynolds number
from 700 to 3600 increased the kinetic energy of the flow while decreasing the viscous
sublayer thickness, δs = 5δν , from 370 µm to 70 µm. The hot-wire probe was located
along the spanwise center of the channel 0.61 m from the inlet of the test section and
126H downstream from the turbulence trip. A diagram of the hot-wire positioning
can be seen in figure 4.6.
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Figure 4.6: Diagram of hot-wire probe location relative to nanowire arrays. Figure
not to scale.

Prior to each data acquisition, the probe was calibrated at the wall normal channel
centerline,, ycl , using the Pitot tube and temperature sensor (Sections 4.3.1 and 4.3.4).
For each Reynolds number, a different number of calibration points, ranging from 7
to 23, was used in order to span the range of flow velocities. During calibration, the
channel flow was given 15 seconds to stabilize after every velocity change, and before
data collection initiated.
The resistance of the prongs and leads of the hot-wire probe was measured to
be approximately 1.0 Ω. With this known, the Dantec anemometer was set to use
a 1:1 bridge with an external resistor for bridge balancing in order to maintain an
overheat ratio, a = (Rw −R0 )/R0 = 0.7, where Rw is the sensor resistance at operating
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temperature and R0 is the sensor resistance at ambient temperature. This resulted in
a measured square-wave response greater than 70 kHz. The output signals were then
filtered at 30 kHz using the external filter (Section 4.3.9) and digitized at 200kHz
using the data acquisition system (section 4.3.11). Output signal gain and offset
voltages were set to maximize resolution of the analog signal preceding each set of
measurements.
Calibration bridge voltage measurements were then corrected for any temperature
fluctuations using Jorgenson 2002[44]


Ecorr =

Tw − T0
Tw − Ta

0.5
Ea

(4.1)

where Ea is the acquired voltage, Tw is the sensor hot temperature, T0 is the reference temperature, Ta is the ambient temperature during acquisition, and Ecorr is
temperature-corrected voltage. Using this temperature-corrected hot-wire voltage
and Pitot-static tube velocity measurements, a fourth order polynomial was used to
fit a calibration curve. An example calibration curve is provided in figure 4.7.
The sensing length of the hot-wire probe, l = 0.5 mm, lead to a viscous scale wire
length, l+ = 6.8, 12.8, 24.7 and 35.8, at Reτ = 700, 1300, 2500, and 3600, respectively.
An initial wall-normal distance, y0 , of approximately 100 µm was set before each
data acquisition utilizing the depth measuring microscope (Section 4.3.12). Data
was taken at 36 wall-normal positions between y0 and the channel centerline ycl =
52.6 mm +y0 , with a higher concentration of data points near the wall for greater
resolution in this region. Flow velocity data was acquired at each position for 120
seconds with the nanowire arrays actuated followed by data collection for 120 seconds
without actuation before moving to the next wall-normal position. A full listing of
experimental conditions is presented in tables 4.1 and 4.2.
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Figure 4.7: Example calibration curve from Reτ = 2400.

Table 4.1: Experimental conditions for the 6.4 mm diameter surface.
Motor

Reτ

Frequency
(Hz)

ucl
(m/s)

uτ

δs
y0
(µm) (µm)

Calibration

Anemometer Anemometer

Points

Gain

Offset (V)

700

11.7

4.7

0.2168

350

96

8

16

1.55

1300

21.3

8.9

0.3869

295

96

12

16

1.55

2400

40.4

17.4

0.7186

105

96

18

16

1.55

3600

59.6

27.6

1.1010

70

96

24

16

1.55
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Table 4.2: Experimental conditions for the 12.7 mm diameter surface.
Motor

Reτ

Frequency
(Hz)

ucl
(m/s)

uτ

y0
δs
(µm) (µm)

Calibration

Anemometer Anemometer

Points

Gain

Offset (V)

700

11.7

4.5

0.2056

370

96

8

32

1.22

1300

21.3

8.8

0.3859

195

96

12

32

1.27

2500

40.4

18.1

0.7454

100

97

18

16

1.55

3600

59.6

27.1

1.0830

70

97

24

16

1.55
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CHAPTER 5 RESULTS AND DISCUSSION

5.1 Mean Velocity and Reynolds Stress Profiles
The hot-wire anemometer acquired streamwise velocity measurements as a function of time u(t) = u + u0 (t). Figure 5.1 presents mean velocity profiles, u, as a
function of wall-normal distance. This provides a simple comparison of velocity for
the actuated and unactuated cases of both the 6.4 mm and 12.7 mm nanowire surfaces. The mean velocity graphs display typical behavior expected from wall-bounded,
turbulent flow. In the viscous sublayer, flow velocities exhibit a linear dependence on
wall-normal distance, y, in accordance with the law of wall. This is followed by the
overlap layer, which varies logarithmically with y. Note the logarithmic scaling of the
abscissa, used to better detail the near wall region. For both the 6.4 mm and 12.7 mm
cases, the mean velocity profile is unchanged when piezoelectric actuation is induced.
This implies that the nanowires have no effect on the skin friction and hence, the
macroscopic flow properties. This result is not surprising when considering the size
and motions of the PZT wafer. The PZT discs expand and contract in all directions
when actuated. These isotropic motions were not expected to affect the large scale
flow properties or structures for the small amplitude motions of the nanowires.
The mean Reynolds stress profiles, u02 , for the 6.4 mm and 12.7 mm nanowire
arrays are shown in figure 5.2. These plots show an obvious and expected peak where
Reynolds shear stress and turbulence production is at a maximum within the buffer
layer. However, they too exhibit little difference between the actuated and unactuated
cases, further indicating no effect on the macroscopic flow properties.
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(a) 6.4 mm diameter surface

(b) 12.7 mm diameter surface

Figure 5.1: Mean streamwise velocity profiles of both actuated and unactuated cases.
Note: Successive profiles are shifted vertically .1 ū/ucl for clarity
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(a) 6.4 mm diameter surface

(b) 12.7 mm diameter surface

Figure 5.2: Mean Reynolds stress profiles for both actuated and unactuated cases.
Note: Successive Reynolds numbers are shifted vertically .01 u0 /u2τ for clarity
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5.2 Frequency Spectra
The frequency spectra, Φ, presented in figure 5.3, display traditional features
expected from turbulent, wall-bounded flow: an energy containing range of low frequencies corresponding to the large O(δ) turbulent eddies, a lower energy range at
higher frequencies corresponding to the smallest O(δν ) turbulent eddies, and a intermediary range of decreasing energies between the two corresponding to inertial
cascade of the medial scale eddies. However, there is an obvious spike in the kinetic
energy for the actuated case at the actuation frequency, fact =10 kHz. This peak is
evident within the buffer at the wall normal position y + = 15, the location of maximum Reynolds stress and turbulent production for smooth wall-bounded turbulent
flow. Furthermore, this peak is present in frequency spectra of wall normal distances
beyond the buffer layer at y + = 35 and is seen throughout the entire turbulent layer.
Also evident in these spectra is the increase of turbulence at higher frequencies
following the increase in Reτ . At the lowest Reynolds number, fact lies outside of the
range of energy containing turbulent frequencies, however at the highest Reynolds
number, fact is within this energy containing, turbulent frequency range. Energy
added from the actuated nanowires is evident across all values of Reτ . For the 6.4
mm nanowire surface, figures 5.3(a) and 5.3(c), as Reτ and turbulent energy content
increase, the influence of the nanowire surface, represented by the peak at the actuation frequency, decreases relative to the surrounding turbulent energies until at
the highest Reτ the peak is nearly indistinguishable from the surrounding turbulence.
By comparison, the 12.7 mm nanowire surface frequency spectra, figures 5.3(b) and
5.3(d), display a much stronger peak is evident through all values of Reτ showing
greater influence of the actuated nanowire surface as a result of the larger actuated
surface area.
Additionally, a second peak is evident in the spectra of the 12.7 mm surface at
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(a) 6.4 mm diameter at y + = 15

(b) 12.7 mm diameter at y + = 15
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(c) 6.4 mm diameter at y + = 35

(d) 12.7 mm diameter at y + = 35

Figure 5.3: Frequency spectra of actuated and unactuated cases:(a) and (b) at y + =
15, (c) and (d) at y + = 35. Note: Successive spectra are shifted up six orders of
magnitude for clarity
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2fact , twice the actuation frequency seen in figure 5.4. This peak is believed to be
the result of the transverse, spanwise motions induced by the PZT wafer and the
lack of directional sensitivity of the single sensor hot-wire probe. The sinusoidal
actuation creates both a positive and negative spanwise, z, component of velocity
that is detected by the hot-wire probe as only an increase in velocity, u, twice per
actuation period, producing a velocity increase and energy spike at twice the actuation
frequency, 2fact . Thus, this second peak is interpreted as evidence of shear driven
motions resulting from the nanowire actuations.
To better visualize the significance of the major peak at fact , figures 5.5(a) and
5.5(b) show pre-multiplied versions of figures 5.3(a) and 5.3(b) respectively. This
pre-multiplication of the spectra by the frequency compensates for the logarithmic
scaling of the abscissa, providing a more useful visualization of the relative energy
addition of each frequency to the total kinetic energy.
It is evident in figure 5.5(b) that, relative to the turbulent content, the magnitude
of each peak and analogous kinetic energy contribution resulting from the nanowire
surface actuation, clearly exceeds the kinetic energy contribution from any other
frequency. However the net contribution, as reflected in the Reynolds stress profiles
of figure 5.2, is relatively small.
The presence of these peaks at the specific wall-normal position, y + =15, outside
the viscous sublayer, shows that the influence of the actuated nanowires extended
beyond the sublayer into the buffer layer and was detectable in the region of maximum
turbulence production. This energy transport occurred without regard to the scale of
the turbulence and also occurred whether the wires were deeply or shallowly immersed
in the viscous sublayer. These observations are derived from the Reynolds number
dependence of δν such that the viscous sublayer thickness decreased from 370 µm to
70 µm as the Reynolds number is increased, while the nanowwire length, lw = 40 µm,
remains the same. This lead to an increase in the depth the nanowires extended into
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(a)

(b)

Figure 5.4: The spectral analysis for the 12.7 mm surface at Reτ =2400, (a), with a
detailed view of the region indicated by the dashed box, (b).
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(a) 6.4 mm diameter surface

(b) 12.7 mm diameter surface

Figure 5.5: Pre-multiplied frequency spectra of actuated (a) and unactuated (b) cases
at y + = 15. Note: Successive spectra are shifted up .8x10 −4 for clarity
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the viscous sublayer and can be quantified by the ratio of nanowire length to viscous
sublayer thickness, rw , which increased from .11 to .57 as Reynolds number increased
from 700 to 3600.
To ensure that these peaks were the result of the nanowire movements and not
electromagnetic interference from the function generator or amplifier, a data set was
taken using a de-poled PZT wafer that had the electro-mechanical coupling removed
such that no motion of the wafer would occur during actuation. In this experiment,
no difference was observed in the spectra between the actuated and unactuated cases,
indicating no additional electromagnetic interference entered the system during actuation and any variations between actuated and unactuated cases can be attributed
solely to the nanowire surface movements.

5.3 Kinetic Energy Addition
To quantify the kinetic energy addition made to the turbulence from the actuated nanowire surface, integrals of the frequency spectra are taken across a range of
frequencies fact ± .01fact for both actuated, Φact , and unactuated, Φun , cases. The
difference between these two integrals, ∆Φ, provides the additional kinetic energy
injected to the flow by the actuated nanowire surfaces at the actuation frequency
shown in figures 5.6(a) and 5.6(b) for the 6.4 mm and 12.7 mm nanowire surfaces,
respectively.
Z
∆Φ

1.01fact

Z

1.01fact

Φact df −

=
.99fact

Φun df

(5.1)

.99fact

The kinetic energy addition shown in figure 5.1 reveals that the energy contribution from the actuated nanowire surfaces increased with Reynolds number. Furthermore, the kinetic energy contribution has a non-monotonic relation with wall-normal
distance, y, near the wall. This indicates a lack of direct correlation between kinetic
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(a) 6.4 mm diameter surface

(b) 12.7 mm diameter surface

Figure 5.6: Kinetic energy added to the turbulence due to nanowire surface actuation.
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energy addition and wall-normal distance within this region. Further away from the
wall, kinetic energy addition decays steadily with increasing wall-normal distance.
In the absence of turbulence, kinetic energy addition from an oscillating surface decays monotonically throughout the wall layer as distance from the actuating surface
increases (as shown by Stoke’s second problem).[45] Since there was no change to
the energy input into the nanowire array across the course of this study, this nonmonotonic behavior and increase in added kinetic energy with Reτ indicates that the
nanowire induced motions are not merely added linearly to the flow but the efficacy
of the nanowires to impart kinetic energy addition is dependent upon the flow conditions. This not only implies that the nanowire motions were not overwhelmed by the
magnitude of the turbulence resulting from increases in Reynolds numbers, but also
the nanowire motions were interacting with turbulence itself.
When the actuating surface size was increased from 6.4 mm to 12.7 mm (an
increase in surface area by a factor of four) the kinetic energy addition increases
by almost two orders of magnitude. It should be noted however that the hot-wire
measurement location is not changed with each surface. While the measurements
with the 12.7 mm nanowire surface are taken directly above the actuating surface,
measurement are taken slightly downstream from the trailing edge of the 6.4 mm
diameter nanowire surface. (see Section 4.6)
When the results of figures 5.6(a) and 5.6(b) are re-normalized using inner scaling,
shown in figures 5.7(a) and 5.7(b), the dependence of kinetic energy addition on
Reynolds number can be seen.
From these plots, it is evident that there is an approximate collapse and decay of
the added kinetic energy profiles for wall-normal distances y + >15. This decay initiates
from a peak located at y + =15, the point of maximum streamwise Reynolds stress and
turbulence production for smooth walled turbulent flow. The friction velocity, uτ ,
used to scale these graphs was measured in previous studies on this tunnel utilizing
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(a) 6.4 mm diameter surface

(b) 12.7 mm diameter surface

Figure 5.7: Additional kinetic energy injected into the turbulence due to nanowire
surface actuation normalized using inner scaling.
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pressure taps upstream of the test location. The scaling with uτ does not reflect
any wall shear stress alteration resulting from the actuated nanowire surface and
can therefore be considered only using turbulence properties of the tunnel for scaling
(independent of nanowire actuation). The measured kinetic energy addition, resultant
from nanowire surface actuations, follows this inner scaling for y + >15. This implies
that the motions added to the flow by the nanowire actuations were interacting with
the turbulence, which is expected to follow inner scaling.
One interpretation of this result is that the turbulence itself was transporting the
active nanowire surface induced eddies away from the wall and across the wall layer.
Since turbulent eddies typically only interact with eddies of the same scale, the energy
content of the turbulent eddies produced on the same scale as the nanowire motions
depends on the distance from the wall and location in the wall layer. These eddy
interactions produced a non-monotonic dependence with wall-normal distance such
as those seen in figures 5.7(a) and 5.7(b)
Also shown in figures 5.7(a) and 5.7(b) is the lack of collapse in the profiles for
y + <15. The lack of collapse in this region suggests that the efficiency of the nanowires
to add kinetic energy to the flow is no longer dependent upon the turbulence levels
but instead dependent upon the nanowire surface properties in relation to the flow.
With increasing Reynolds numbers, the ratio of nanowire length to viscous sublayer
thickness, rw , increased, offering a possible explanation for the increase in efficiency
of the nanowires to impart kinetic energy into the flow. Consequently, due to the
lack of turbulence level dependence, it is also within this region, y + <15, that the
nanowires can be expected to have the greatest effect on altering the turbulence.
Therefore, even though nanowire surface actuation effects can be detected throughout the wall layer, it is only within the region of y + <15 that these effects were driven
by solely the nanowire motions. Beyond y + =15, these motions were interacting with
and being transported away from the surface by the turbulence itself.
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5.4 Nanowire Effects
To distinguish the effects of the active nanowires from those created by the motion
of the PZT disk, the nanowires were abraded from the surface of the 12.7 mm PZT
disk and the experiment repeated at Reτ =2400. Note that care was taken to ensure
the PZT surface remained flush with the tunnel wall after abrasion as in previous
experiments.
A comparison between the frequency spectra of the surface before and after
nanowire abrasion, shown figures 5.8(a) and 5.8(b), display the characteristic peak
at the actuation frequency for both nanowire-covered and bare PZT cases. Although
the peak is present in the spectrum after nanowire abrasion, the peak from the surface containing nanowires is considerably larger in magnitude showing a measurable
addition of kinetic energy from the nanowires, in contrast to the bare PZT surface.
The relative difference between the magnitude of these peaks is made more apparent
in figure 5.8(b), showing the pre-multiplied frequency spectra of the nanowire covered
and bare PZT surface. At the actuation frequency, the nanowire-laden surface injects
more kinetic energy into the flow than any other frequency in the spectrum, whereas
the same surface without the nanowires has negligible energy contributions.
Also apparent in these graphs is the secondary peak at 2fact which drops to noise
levels when the nanowires have been removed. Given the characteristics of a hotwire probe’s response to transverse motions, this suggests the removal of the wires
has prevented the production of shear driven transverse motions and left only the
thrusting motions of the PZT wafer.
To better quantify this kinetic energy addition, figure 5.9 shows the kinetic energy
addition at the actuation frequency for the nanowire containing surface and the bare
PZT surface after nanowire abrasion. Utilizing the same calculations as before (see
Section 5.1), the kinetic energy difference between actuated and unactuated cases
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Figure 5.8: Frequency spectra of 12.7 mm diameter nanowire surface in comparison
to bare PZT surface after nanowire abrasion (a) with corresponding pre-multiplied
spectra (b).
53

Figure 5.9: Additional kinetic energy injected into the turbulence due to nanowire
surface actuation in comparison to bare PZT surface action.
shows the nanowires work to amplify this kinetic energy contribution to the flow by
almost two orders of magnitude relative to the bare PZT surface.
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK

An experimental investigation was conducted to determine whether actuated nanowire
surfaces could introduce kinetic energy into fully turbulent wall-bounded flow. To
conduct this investigation, actuated nanowire surfaces were placed in fully developed,
channel flow at different Reynolds numbers and the modifications to the turbulence
were measured using hot-wire anemometry.
This research has shown that dynamically actuated nanowires immersed in a viscous sublayer introduce measurable motions into a turbulent flow field. Evidence of
the induced motions are seen as sharply defined peaks in the spectral analysis of the
velocity at the actuation frequency. This energy addition is strongly dependent on
the active nanowire surface area. It is expected that larger arrays would increase the
nanowire induced effects on the flow field and more clearly resolve the exact motions
and influences of the active nanowires.
A second peak in the energy spectra at twice the actuation frequency was observed,
which is taken as evidence that additional energy is contributed by the transverse motion of the nanowires. This suggests that rather than the pressure waves introduced
by the piezoelectric disc, the actuated nanowires are imparting transverse, shear motions into the turbulent flow field as well. These transverse oscillatory motions have
been shown in previous research to have strong influence in turbulence control and
drag reduction. These shear driven motions and underlying sources are yet unclear.
The induced motions from the active nanowires within the viscous sublayer are
transported by the turbulence into the buffer layer where the majority of turbulence
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is produced. This turbulent transport was found to be Reynold’s number dependent,
with higher Reynold’s numbers exhibiting greater kinetic energy additions.
In summary, the nanowires were found to introduce kinetic energy into the flowfield where it could have the greatest effect, however the net effect in this particular
actuation scheme was negligible. These results suggest there is potential for the use
of active nanowires for flow manipulation. However much work must be done before
this is realizable.
Two areas can be identified for further development. It is suspected that the
isotropic actuation used in the study presented here was far from optimal for modifying the buffer layer studies. Therefore, future work should be conducted investigating
transversely oscillating nanowires, preferably with a traveling wave motion. In addition, the results presented here used a relatively small actuator, however they do
suggest a significant improvement in the kinetic energy transported into the flow with
an increase in actuation area. Therefore, a detailed study is required to investigate
the required actuator dimensions necessary to introduce significant modifications into
the flow.
Coupled with these parametric studies should be additional interrogations to acquire a deeper understanding of how specific nanowire motions influence bulk flow
properties, for example using multi-point and/or a multi-directional hot-wire measurements, which could offer further insight into the mechanisms driving this secondary
turbulent kinetic energy addition.
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